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Abstract
Background: Heart failure with preserved left ventricular ejection fraction and abnormal diastolic function is 
commonly observed after recovery from an acute myocardial infarction. The aim of this study was to investigate the 
physiopathology of heart failure with preserved ejection fraction in a model of healed myocardial infarction in dogs.
Methods: Echocardiography, levels of neurohormones and conductance catheter measurements of left ventricular 
pressure-volume relationships were obtained in 17 beagle dogs 2 months after a coronary artery ligation, and in 6 
controls.
Results: Healed myocardial infarction was associated with preserved echocardiographic left ventricular ejection 
fraction (0.57 ± 0.01, mean ± SEM) and altered Doppler mitral indices of diastolic function. NT-proBNP was increased, 
aldosterone was decreased, and norepinephrine was unchanged. Invasive measurements showed a markedly 
decreased end-systolic elastance (2.1 ± 0.2 vs 6.1 ± 0.8, mmHg/ml, p < 0.001) and end-systolic elastance to effective 
arterial elastance ratio (0.6 ± 0.1 vs 1.4 ± 0.2, p < 0.001), with altered active relaxation (dP/dtmin -1992 ± 71 vs -2821 ± 
305, mmHg/s, p < 0.01) but preserved left ventricular capacitance (70 ± 6 vs 61 ± 3, ml at 20 mmHg, p = NS) and 
stiffness constant. Among echocardiographic variables, the wall motion score index was the most reliable indicator of 
cardiac contractility while E', E/A and E'/A' were correlated to dP/dtmin.
Conclusions: In the canine model of healed myocardial infarction induced by coronary ligation, heart failure is 
essentially characterized by an altered contractility with left ventricular-arterial uncoupling despite vascular 
compensation rather than by abnormal diastolic function
Background
Heart failure with preserved left ventricular (LV) systolic
function as assessed by echocardiographic measurement
o f  a n  e j e c t i o n  f r a c t i o n  ( E F)  h i g h e r  t h a n  5 0 % ,  t o g e t h e r
with altered indices of diastolic function [1], is observed
after acute myocardial infarction in 30 to 50% of heart
failure patients [2,3]. In heart failure with preserved LV
systolic function, increased LV filling pressure is generally
attributed to abnormalities in active relaxation and pas-
sive stiffness caused by the combination of ischemia-
induced alteration in relaxation, myocardial hypertrophy
and fibrosis and leading to diastolic dysfunction [4,5].
However, unlike the observations in hypertensive heart
disease, there is limited direct evidence of intrinsic altera-
tion of LV diastolic function i.e. invasive demonstration
of increased diastolic stiffness in patients who recovered
from an acute myocardial infarction. In experimental
myocardial infarction in rats, the LV diastolic pressure-
volume curve was initially shifted to the left, to be later-
on displaced to lower pressures and higher volumes, sug-
gesting rather an increased LV diastolic compliance [6].
In dogs with heart failure and preserved ejection fraction
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induced by coronary microembolization, increased LV
end-diastolic pressure was explained by neurohumoral
activation and volume expansion rather than by a change
in LV end-diastolic pressure-volume relationship [7]. The
authors concluded that heart failure with preserved EF
does not a priori equate with diastolic heart failure.
In order to explain the pathophysiological mechanism
(diastolic versus systolic heart failure) of elevated dia-
stolic pressures, we investigated systolic and diastolic
function by invasive studies of LV pressure-volume rela-
tionships in dogs, two months after recovery from myo-
cardial infarction induced by a coronary ligation. We also
recorded indices of systolic and diastolic function by
Doppler echocardiography and tissue Doppler imaging,
and measured circulating neurohormones N-terminal B-
type natriuretic propeptide (NT-proBNP), aldosterone
and norepinephrine, to investigate their potential value in
predicting systolic and diastolic alterations in LV func-
tion.
Methods
Animal model
The protocol was approved by the Animal Care and Use
Committee of the ULB, and conformed to the "Guide for
the Care and Use of Laboratory Animals published by
The US National Institutes of Health (NIH Publication
No. 85-23, revised 1996).Twenty-three beagles (CEDS,
Mézilles, France), weighing 13.7 ± 0.4 kg and aged 12 ± 2
months, were included in the study. Myocardial infarc-
tion was induced in 17 dogs, 6 were used as controls.
After premedication with midazolam (0.1 mg/kg IV) and
sufentanyl (0.1 μg/kg IV), anesthesia was induced with
propofol (3 - 4 mg/kg IV) and maintained with isoflurane
(1.5 - 2%). Animals were ventilated with a FiO2 of 1, a
respiratory rate of 12 cycles/min and a tidal volume of 12
- 15 ml/kg. Lactate-Ringer was infused at 10 ml/kg/hour
and sufentanyl at 1 μg/kg/hour. During anesthesia, care
was taken to maintain body temperature above 36°C. A
left thoracotomy was performed, the pericardium
opened, and the left circumflex artery and/or its margina-
les dissected and permanently ligated with special care to
obtain the same infarction extent despite individual ana-
tomical variations. This procedure was realized under
constant ECG monitoring, and ventricular arrhythmias
were treated with lidocaïne (2 to 4 mg/kg IV over a period
of 2 minutes followed by an infusion of 75 μg/kg/min).
After surgery, buprenorphine (10 μg/kg IM, 3 times a day)
and cefalexin (20 mg/kg SC, 2 times a day) were adminis-
tered during 48 hours.
Study design
A clinical examination including cardiac auscultation and
a Doppler-echocardiography was performed before
inclusion of the dogs in the study. Blood for electrolytes
and neurohormones measurements and echocardiogra-
phy were performed in the conscious state 1 week before
coronary ligation (baseline) and repeated 2 months after
recovery from myocardial infarction. A cardiac magnetic
resonance imaging (MRI) and a left heart catheterization
for the measurement of pressure-volume loops were per-
formed 2 months after myocardial infarction. We also
realized pressure-volume loops in 6 weight- and age-
matched control dogs.
Magnetic resonance imaging
Infarct size was assessed by using the 1.5 Tesla clinical
MRI scanner (Achieva 1.5 T; Philips Best, The Nether-
lands) with a 2-element phased array coil placed over the
chest (Sense Flex-M Coil; Philips, Brussels, Belgium).
Gadodiamide (0.2 mmol/kg) was manually injected intra-
venously in 3 seconds. Following a delay of 10 to 15 min-
utes, contrast-enhanced images were acquired and raw
images processed by manual outlining of the endocardial,
epicardial and infarct borders. Total infarct volume was
calculated as the summation of the contrast-enhanced
volumes from the entire left ventricular myocardial vol-
ume. Relative infarction size was determined as the ratio
of infarct volume to LV wall volume times 100.
Echocardiography
In order to obtain high quality Doppler-echocardio-
graphic images in an unstressed state, the dogs had been
acclimatized to the laboratory and trained to lay in lateral
recumbency on a table. Doppler echocardiography (Vivid
5, GE, Brussels, Belgium) was carried out under continu-
ous ECG monitoring with a 5 MHz electronic probe, the
dog, in conscious state, lying in lateral recumbency, scan-
ning through the dependent chest wall through an con-
trived hole in the table. A right parasternal window was
used to record bidimensional and M-mode images in the
long and short axes. A left parasternal window was used
to record the bidimensional apical four chambers view,
pulsed-wave Doppler of mitral flow and tissue Doppler of
mitral septal annulus movement. The LV length and
endocardial borders were traced at end-diastole and end-
systole, using the bidimensional right long axis view
which best shows the LV cavity, in order to calculate end-
systolic and end-diastolic LV volumes (LVEDVecho, LVES-
Vecho) and ejection fraction (LVEFecho) by the single plane
Simpson's rule. Fractional shortening (FS) was calculated
from M-mode derived linear dimensions and LV mass
was derived from the truncated ellipsoid model. Relative
wall thickness (RWT) was calculated in diastole as (pos-
terior wall thickness + interventricular septum thick-
ness)/(LV internal diameter). Early diastolic myocardial
velocity (E'), late (atrial contraction) diastolic myocardial
velocity (A'), and systolic myocardial velocity (S') of the
septal annulus movement were measured and the E'/A'Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
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ratio calculated. Additional Doppler assessment included
the peak velocities of the mitral flow E and A waves (E
and A), mitral flow deceleration time (DT) and the
derived E/A and E/E'ratios. All images were recorded and
analyzed off line according to specific guidelines [8,9]. To
evaluate regional systolic function, the left ventricle,
observed from its apical, mid and basal right short axis
views, was divided according to a 16-segment model [9].
For each segment, wall motion was scored as 1 (normal
or hyperkinetic segment), 2 (mildly hypokinetic seg-
ment), 3 (severely hypokinetic segment), 4 (akinetic seg-
ment) and 5(dyskinetic segment) and the wall motion
score index (WMSI) was derived as the ratio between the
sum of all scores and the number of observed segments.
Pressure-volume loops
Anesthesia was induced by intravenous injection of mida-
zolam 1 mg/kg (Dormicum, Roche, Brussels, Belgium)
and sufentanyl 3 μg/kg (Sufenta forte, Janssen-Cilag,
Berchem, Belgium)and maintained by continuous infu-
sion (midazolam 0.750-1.125 mg/kg/hour + sufentanyl
2.5-3.75 μg/kg/hour). The dogs were mechanically venti-
lated (FiO2: 0.4) and care was taken to maintain end-expi-
ratory CO2  between 30 and 35 mmHg and body
temperature above 36°C. Under fluoroscopic control, a 6F
pigtail combined conductance-pressure catheter (Millar
Instruments, Inc, Houston, Texas) was advanced through
the carotid into the LV apex and connected to a Leycom
Sigma-5 signal processor (Cardiodynamics, Leiden, The
Netherlands) for instantaneous LV volume signal and to a
Millar pressure monitor (Model TC-510, Millar Instru-
ments Inc, Houston, USA) for instantaneous LV pressure
signal. A 5F Swan-Ganz thermodilution catheter (93-132-
5F, Baxter, Irvine, USA) was advanced through the jugu-
lar vein and positioned in a main branch of the pulmo-
nary artery for cardiac output (CO) measurements. A 7F
transluminal valvuloplasty catheter (Tyshak II, Numed,
Medical EuropeBV, The Netherlands, balloon diameter:
12 mm, balloon length: 3 cm) was advanced through the
jugular vein and positioned in the posterior vena cava just
below the junction with the right atrium for transient
preload reductions. Blood conductivity was determined
using the Rho cuvette. Parallel conductance was mea-
sured in duplicate by the hypertonic saline method (7.5
ml NaCl 10%) [10]. Cardiac output was measured in trip-
licate by the thermodilution technique (5 ml ice-cold dex-
trose 5%) to determine the α calibration factor of
conductance volumetry. Electrocardiographic and hemo-
dynamic signals were digitized at 1000 Hz and 500 Hz
respectively. Real time signal processing was obtained on
dedicated software (IOX; Emka Technologies SA, Paris,
France). All measurements were performed during brief
end-expiratory pauses. At least 10 pressure-volume loops
were analyzed to assess steady-state hemodynamic sig-
nals. End-systolic and end-diastolic pressure-volume
relationships (ESPVR and EDPVR) were obtained in trip-
licate during transient vena cava occlusion. Linear regres-
sion analyses of the end-systolic pressure-volume
coordinates during transient preload reduction deter-
mined the slope (Ees) of the ESPVR. The LV afterload
was quantified using effective arterial elastance (Ea) that
is the ratio between LV end-systolic pressure (LVESP)
and stroke volume (SV). To evaluate ventricular-arterial
coupling, the Ees/Ea ratio was calculated [11]. Active
relaxation was quantified by dP/dtmin and the time con-
stant of pressure fall (Tau), determined by fitting a mono-
exponential curve to the isovolumic period of the ventric-
ular pressure curve. The EDPVR was determined by
applying non linear regression analyses (LVEDP = a
eβLVEDV) to the end-diastolic pressure-volume points. The
chamber stiffness constant (β) and capacitances (LV vol-
umes) at pressures of 15 and 20 mmHg were derived from
the EDPVR of each dog [12].
Neurohormones and electrolytes
Commercially available radioimmunoassay kits were used
to assess NT-proBNP (VETSIGNCanine CardioSCREEN
Nt-proBNP Test VC4010, Guildhay Limited, Guildford,
England), aldosterone (Coat-A-Count Aldosterone
TKAL1, Siemens Medical Solutions Diagnostics, Brus-
sels, Belgium) and norepinephrine (Noradrenalin
Research EIA KAPL10-5200, Biosource, Nivelles, Bel-
gium). Serum sodium, potassium and osmolality levels
were measured (Laboratory of Medical Biology Baud-
ouin, Enghien, Belgium).
Statistical analysis
All results are expressed as mean ± SEM and statistical
significance is determined at p < 0.05. Distribution nor-
mality was tested with a Kolmogorov-Smirnov test. Nor-
mally distributed data were tested by paired or unpaired
Student's t -tests. Other data were analyzed by a Mann
and Whithney test. Forward stepwise regressions were
used to investigate the correlations between echocardio-
graphic variables, neurohormones and invasive measure-
ments [13].
Results
Magnetic resonance imaging
The MRI performed 2 months after myocardial infarction
revealed that we were in presence of a moderate latero-
posterior infarct with a myocardial infarction size of 13 ±
0.74% of the LV wall.
Echocardiography (Table 1)
Left ventricular remodeling - As compared to baseline,
the infarcted dogs showed increased LVEDVecho and
LVmass and a decreased RWT.Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
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Left ventricular systolic function - The LVEFecho was
decreased but its mean value remained above 50%. The
LVEFecho stayed higher than 50% in all infarcted dogs
except 3 and higher than 45% in all dogs 2 months after
myocardial infarction. The FS was mildly reduced but
remained above 25%, mitral S' was reduced, while LVES-
Vecho and WMSI were increased.
Left ventricular diastolic function - E', E/A and E'/A'
were decreased, E, A' and DT stayed unchanged and A
and E/E' were increased.
Pressure-volume loops (Table 2)
Left ventricular global and systolic function - In
infarcted dogs as compared to controls, LVEDP, LVEDV,
and LVESV were increased, while LVEF, dP/dtmax, mean
arterial pressure, Ees and Ea were decreased, whereas,
heart rate and CO stayed unchanged. It is of interest that
Ees decreased proportionally more than Ea, resulting in a
decrease in Ees/Ea. Representative pressure-volume
loops during transient vena cava occlusion, Ees and Ea in
a control dog and in a dog 2 months after myocardial
infarction are shown in figure 1.
Left ventricular diastolic function - The infarcted dogs
had a reduced dP/dtmin and Tau tended to increase (p =
0.057). Capacitances at 15 mmHg and 20 mmHg and the
chamber stiffness constant β remained unchanged in
infarcted dogs compared to controls.
Neurohormonal activation and electrolytic balance (Table 
3)
Compared to baseline, NT-proBNP was increased,
aldosterone was decreased, and norepinephrine was
unchanged after recovery from myocardial infarction.
Serum electrolytes and osmolality stayed unchanged after
myocardial infarction.
Non invasive prediction of systolic function
The echocardiographic indices of systolic function
WMSI, LVEF , S' and LVESV were correlated to Ees (r =
0.73, p < 0.001 for WMSI, r = 0.71, p < 0.001 for LVEF, r =
0.71, p < 0.01 for S' and r = 0.59, p < 0.01 for LVESV) and
to Ees/Ea (r = 0.61, p < 0.01 for WMSI, r = 0.60, p < 0.01
for S' and r = 0.58, p < 0.01 for LVEF) while FS was not
correlated to Ees (r = 0.25, p = NS) and FS and LVESV
Table 1: Echocardiographic data
Baseline (n = 17) Post MI (n = 17) p value
Left ventricular remodeling
LVEDV, ml 29 ± 1 36 ± 2 < 0.001
LV mass, g 74 ± 3 95 ± 5 < 0.001
RWT 0.46 ± 0.01 0.36 ± 0.02 < 0.001
Left ventricular systolic function
LVEF, % 0.70 ± 0.01 0.57 ± 0.01 < 0.001
LVESV, ml 8.8 ± 0.6 15.5 ± 1.0 < 0.001
WMSI 1 ± 0.00 1.81 ± 0.06 < 0.001
S', m/s 0.109 ± 0.005 0.079 ± 0.003 < 0.001
FS, % 37 ± 1 33 ± 1 0.014
Mitral inflow
E, m/s 0.83 ± 0.03 0.77 ± 0.02 0.069
A, m/s 0.56 ± 0.02 0.64 ± 0.02 0.036
DT, s 0.079 ± 0.003 0.080 ± 0.001 0.838
E/A 1.51 ± 0.05 1.22 ± 0.05 < 0.001
Mitral annulus displacement
E', m/s 0.099 ± 0.008 0.074 ± 0.003 0.015
A', m/s 0.072 ± 0.005 0.074 ± 0.003 0.668
E'/A' 1.41 ± 0.12 1.03 ± 0.07 0.01
E/E' 8.4 ± 0.5 10.4 ± 0.6 0.044
Values are expressed as mean ± SEM. LV: left ventricle; EDV: end-diastolic volume; RWT: relative wall thickness; EF: ejection fraction; ESV: end-
systolic volume; WMSI: wall motion score index; S': systolic myocardial velocity of septal mitral annulus; FS: fractional shortening; E and A: 
maximal velocities of the mitral E and A waves; DT: deceleration time of early mitral flow; E': early diastolic myocardial velocity of septal mitral 
annulus; A': late diastolic myocardial velocity of septal mitral annulus.Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
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were not correlated to Ees/Ea (r = 0.33, p = NS for FS and
r = 0.29, p = NS for LVESV). Forward stepwise regression
analyses showed that the best predictors of Ees and Ees/
Ea were respectively WMSI (r = 0.74, p < 0.001) and S' (r
= 0.60, p = 0.024) (Figure 2). NT-proBNP was correlated
to Ees (r = 0.46, p < 0.05) but not to Ees/Ea (r = 0.34, p =
NS).
Non invasive prediction of diastolic function
There was no correlation between E, A, E/A, E', A', E'/A'
or E/E' and LVEDP, capacitances at 15 mmHg and 20
mmHg. However, E/A, E' and E'/A' were correlated to dP/
dtmin (r = 0.66, p < 0.001 for E/A, r = 0.66, p < 0.01 for E'
and r = 0.52, p < 0.05 for E'/A') but not to Tau. Forward
stepwise regression analysis showed that E/A and E' were
the best predictors of active relaxation determined by dP/
dtmin (partial r = 0.69, multiple r = 0.78, p <0.001) (Fig-
ure 3).
Discussion
In the present study, the dogs with healed myocardial
infarction presented with a stage B heart failure, defined
as a structural disease strongly associated with the devel-
opment of heart failure but without signs or symptoms at
rest [14]. The echocardiographic profile was suggestive of
altered diastolic function, with abnormal transmitral flow
pattern and mitral annulus velocities, while LVEFecho
stayed above 50%. Therefore the heart failure qualified for
a diagnosis of "heart failure with preserved ejection frac-
tion".
A decreased end-systolic elastance (Ees) and/or a right-
ward shift of the end-systolic pressure-volume relation-
ship (ESPVR) are characteristics of decreased inotropism.
Acute regional left ventricular ischemia has been shown
to induce a rightward shift of the ESPVR without any
change in Ees [15,16] or a reduced Ees with or without
rightward shift of the ESPVR [17]. In our study, we
Table 2: PV loops data
Control (n = 6) Post MI (n = 17) P value
Global cardiac function
HR, beats/min 81 ± 4 79 ± 3 0.319
CO, l/min 2.7 ± 0.3 2.7 ± 0.2 0.941
MAP, mmHg 111 ± 5 89 ± 2 < 0.001
LVEDP, mmHg 14 ± 1 23 ± 1 < 0.001
Preload and afterload
LVEDV, ml 40 ± 5 65 ± 3 0.002
Ea, mmHg/ml 4.4 ± 0.5 3.4 ± 0.2 0.05
Systolic left ventricular function
LVEF, % 64 ± 2 50 ± 2 < 0.001
LVESV, ml 19 ± 2 36 ± 2 < 0.001
dP/dt max, mmHg/s 3677 ± 368 2568 ± 105 < 0.001
Ees, mmHg/ml 6.1 ± 0.8 2.1 ± 0.2 < 0.001
V0, ml -5 ± 2 -23 ± 9 0.113
Ventricular-arterial coupling
Ees/Ea 1.4 ± 0.2 0.6 ± 0.1 < 0.001
Diastolic left ventricular function
Active relaxation
Tau, ms 29 ± 5 36 ± 2 0.057
dP/dtmin, mmHg/s -2821 ± 305 -1992 ± 72 0.007
Passive diastolic properties
β, 1/ml 0.053 ± 0.006 0.075 ± 0.011 0.191
Capacitance (15 mmHg), ml 55 ± 3 66 ± 5 0.177
Capacitance (20 mmHg), ml 61 ± 3 70 ± 6 0.249
Values are expressed as mean ± SEM. HR: heart rate; CO: cardiac output; MAP: mean arterial pressure; LV: left ventricular; ESV: end-systolic 
volume, EF: ejection fraction; Ees: end-systolic elastance; V0: volume intercept; Tau: time constant of relaxation; β, the chamber stiffness 
constant, is derived from the EDPVR equation (LVEDP = α eβLVEDV); EDV: end-diastolic volume; EDP: end-diastolic pressure; Ea: arterial 
elastance.Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
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observed a reduced Ees compared to control dogs while
no significant change in the volume axis intercept (V0)
was obtained. Chronic regional ischemia induces cardiac
remodeling in the infarct and border zones but also in the
remote zone [18] leading to a stage of dilated ischemic
cardiomyopathy. Our results are in accordance with those
of Ahmet et al (2004) who showed a reduction of Ees in a
rodent model of dilated ischemic cardiomyopathy, 8
weeks after coronary ligation, [19].
The adequacy of systolic function adaptation to after-
load can be evaluated by a ratio of end-systolic ventricu-
lar and arterial elastances, Ees/Ea [11]. Extensive
experimental work and modeling has established that the
ratio of elastances allowing for optimal ventricular-arte-
rial coupling, or flow output at a minimal energy cost, is
approximately of 2 [20]. Control values for Ees/Ea in the
present experiments were lower, around 1.4, but in keep-
ing with reported values in chronically instrumented con-
s c i o u s  d o g s  [ 7 , 2 1 ]  a n d  h i g h e r  t h a n  v a l u e s  r e p o r t e d  i n
conscious healthy humans [22,23]. This ratio, used for
index of the ventricular-arterial coupling, takes into
account the capability of a ventricle to adapt its intrinsic
Figure 1 PV loops under preload reduction. Representative left ventricular (LV) pressure-volume (PV) loops during vena cava occlusion in a control 
dog and in a dog 2 months after recovery from a myocardial infarction. Recovery from myocardial infarction was associated with a decreased end-
systolic elastance (decreased contractility, altered systolic function) but unchanged/slightly decreased diastolic elastance (unchanged diastolic func-
tion). Ees: end-systolic pressure volume relationship; Ea: effective arterial elastance; MI:myocardial infarction; ESP: end-systolic pressure; EDV: end-dia-
stolic volume.
P, mmHg
V, ml
Table 3: Neurohormones and electrolytes
Baseline (n = 17) Post MI (n = 17) P value
NT-proBNP, pmol/l 218 ± 36 547 ± 78 < 0.01
Aldosterone, pg/ml 91 ± 19 37 ± 12 < 0.01
Norepinephrine, pg/ml 63 ± 3.0 62 ± 3.0 NS
Na+, mmol/l 148 ± 1.0 148 ± 1 NS
K+, mmol/l 4.7 ± 0.1 4.5 ± 0.2 NS
Osmolality, mOsmol/kg 293 ± 1.0 292 ± 1 NS
Values are expressed as mean ± SEM. NT-proBNP: N-terminal B-type natriuretic propeptide.Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
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contractile state to afterload. In the present study, heart
failure with "preserved" LVEF was associated with a
three-fold decrease in Ees, but the decrease in Ees/Ea,
though important, was proportionally less important
because of concomitantly decreased Ea. These changes
underscore the severity of systolic failure and ventricular-
arterial uncoupling occurring after the healing of a lim-
ited size myocardial infarction. However, vascular com-
pensation (decreased afterload) allowed EF to be rather
well maintained and led to an underestimation of systolic
dysfunction by echocardiographic measurements.
We wondered if general anesthesia applied during the
invasive measurements could have accounted for an over-
estimation of systolic failure and ventricular-arterial
uncoupling in the present experiments. Both midazolam
and sufentanyl have cardiodepressant and hypotensive
effects [24,25]. Both could decrease Ees and Ea, although
their net effect on ventricular-arterial coupling might be
difficult to predict. Compared to measurements reported
in conscious chronically instrumented normal dogs
before and after coronary microembolization [7], Ea in
the present experiment was more decreased, accounting
for higher Ees/Ea suggesting that the anesthetic protocol
used in the present experiments could have led to rela-
tively improved load dependent indices of systolic func-
tion and ventricular-arterial coupling compared to the
Figure 2 Correlations between hemodynamic and echocardiographic data: systolic function. A: Scatterplot of Ees as a function of WMSI. B: 
Scatterplot of Ees/Ea as a function of S'. Ees: left ventricular end-systolic elastance; WMSI: wall motion score index; Ea: arterial elastance; S': Tissue Dop-
pler mitral annulus S wave.
Figure 3 Correlations between hemodynamic and echocardiographic data: active relaxation. A: Scatterplot of dP/dtmin as a function of tissue 
Doppler mitral annulus velocity E' wave. B: Scatterplot of dP/dtmin as a function of mitral Doppler flow ratio of E and A waves.Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
http://www.biomedcentral.com/1471-2261/10/32
Page 8 of 10
conscious state. Moreover, the decrease in LVEF
observed after myocardial infarction was actually of the
same magnitude (-13 to 14%) as assessed invasively as
well as non invasively. Thus, even though we cannot
exclude specific effects on diastolic function, it appears
reasonable to assume that general anesthesia in the pres-
ent experiments did not affect the results.
Measurements of Ees and Ees/Ea and associated dia-
stolic function changes in heart failure with preserved
LVEF have been reported variably according to underly-
ing physiopathology. In patients with various non isch-
emic cardiac diseases, Ees and Ea tend to be preserved,
but diastolic stiffening is a constant finding [4,5,22]. Sys-
tolic hypertension has been reported to be associated
with both increased Ees and Ea, but with diastolic abnor-
malities including an upward-shifted diastolic pressure-
volume curve [23]. This is in opposition to what is found
in the present study that relates to ischemic heart disease.
Heart failure after an acute myocardial infarction is ini-
tially systolic [23] but often evolves to recovery of LVEF
but persistently abnormal indices of diastolic function
[2,3]. Invasive measurements of pressure-volume loops in
patients with ischemic cardiomyopathy and heart failure
with or without depressed LVEF are scarce. A study on
patients with an old myocardial infarction and a
depressed LVEF (to an average of 37%) showed a marked
decrease in the Ees/Ea ratio to 0.7 mainly because of an
increased Ea [26]. Nifedipine in these patients increased
Ees/Ea ratio to 1 by a decrease in Ea. We are not aware of
previous reports on Ees/Ea in patients with heart failure
and preserved LVEF after healing from a myocardial
infarction.
While in our experiments Ees was decreased as
expected, there was also a decrease in Ea suggesting an
adaptative decrease in arterial stiffness, albeit insufficient
to prevent uncoupling. This decrease in Ea, also observed
in heart failure after coronary microembolism in dogs [7]
could be related to secretion of natriuretic peptides.
These have vasorelaxant and natriuretic effects and
inhibit the renin-angiotensin-aldosterone and sympa-
thetic systems [27]. In the present study, increased NT-
pro-BNP and decreased aldosterone in the face of
unchanged norepinephrine and normal serum electro-
lytes are in keeping with this notion of adaptative vasore-
laxant neurohumoral activation. Vasoconstricting
neurohumoral activation with predominant sympathetic
nervous system activation is more generally reported in
heart failure, probably in relation to more advanced and
symptomatic disease [28]. But low aldosterone levels
associated with activation of ANP has been described in
dogs with naturally acquired mitral valve regurgitation at
the time of decompensation [29]. An alternative mechan-
ical explanation of the decrease in Ea would be in the
non-linearity of elastance curves, allowing for coupling to
operate at lower pressure-related improved compliance
[30]. Whatever the mechanism, a decrease in Ea helped
to a relatively maintained LVEF in the dogs with healed
myocardial infarction.
In the present study, most of the echocardiographic
indices of systolic function predicted Ees or Ees/Ea, but
the most performant of them appeared to be WMSI for
Ees and mitral septal annulus S' wave for Ees/Ea. The
WMSI reflects healed infarction-related wall motion
asynchrony, and its sensitivity in the alteration of systolic
function in postmyocardial infarction [31]. It has been
shown to be more sensitive in predicting cardiac events
after a myocardial infarction than LVEF or exercising
testing [32]. Tissue Doppler mitral S' wave is a reflection
of atrioventricular plane longitudinal displacement veloc-
ity, thought to be more sensitive to systolic function
changes than LVEF [33], and as such more frequently
abnormal in heart failure with preserved LVEF [34]. In
the present study, active relaxation in dogs with healed
myocardial infarction was altered as demonstrated by a
decreased dP/dtmin and a borderline significant increase
in Tau. Slowing of active relaxation expectedly decreased
E', E/A and E'/A', echocardiographic indices of diastolic
function. The balanced influences of delayed relaxation
and increased left atrio-ventricular pressure gradient on
DT and E explain that these variables remained stable. It
is of interest that, in the present study, without alteration
of LV compliance, E', E/A and E'/A' were correlated to dP/
dtmin and not to the chamber stiffness constant. This
underscores the fact that abnormalities in the mitral fill-
ing pattern and mitral annulus movement are not suffi-
cient to diagnose an intrinsic alteration of LV compliance
at rest [35]. These results are in contrast with a previous
study in patients, with non ischemic heart failure and
preserved LVEF, presenting an invasively identified dia-
stolic dysfunction [36]. In this study, in which 79% of
patients had arterial hypertension, the authors showed
that mitral filling pattern and mitral annulus diastolic
velocities were correlated to altered LV compliance, and
identified E/E' as the best predictor of increased LV stiff-
ness. Our study differs in etiology and physiopathology of
heart failure with preserved LVEF.
Conclusion
In conclusion, heart failure with preserved LVEF
observed in dogs 2 months after an acute myocardial
infarction relates to decreased contractility leading to
ventricular-arterial uncoupling despite vascular compen-
sation while LV compliance at rest is preserved. In these
circumstances the WMSI is the most performant
echocardiographic index to predict cardiac contractility
while E/A and E'/A' are correlated to LV active relaxation
but not to LV compliance.Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
http://www.biomedcentral.com/1471-2261/10/32
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Experimental limitation
The pericardium was opened during thoracotomy to
ligate the circumflex artery and left opened to avoid any
increase in intrapericardial pressure due to postoperative
bleeding or exsudation. PV loops mainly depend on ven-
tricular preload, afterload, contractility, relaxation and
compliance but may be affected by intrapericardial pres-
sure. In normal hearts, the pericardium is minimally
stressed and its effect on LV pressure is small. In acute
cardiac dilation, the stress is increased and intrapericar-
dial pressure may substantially contribute to LV diastolic
pressure [37]. Over time, the pericardium expands and its
effect on PV loops disappears. Lewinter and Pavelec
(1982) showed that removing the pericardium after 50
days of volume overload-induced dilation had no effect
on L V end-diastolic volume or pressure [38]. W e there-
fore estimated that, in our present study, opening the
pericardium would no longer affect PV loops at time of
measurements, i.e. 2 months after causing the infarction.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
MM carried out the coronary ligations, the pressure-volume loops (recording
and analysis) and the magnetic resonance imaging (analysis), performed the
statistical analysis and drafted the manuscript. BE carried out the coronary liga-
tions. KT anesthetized the dogs for the coronary ligations, the pressure-volume
loops and the magnetic resonance imaging. IH and MM participated in the
serum BNP dosages. PT and TM carried out the resonance imaging recording
and analysis. JB and GH participated in the coordination of the study and
helped to draft the manuscript. SB and RN participated in the analysis of the
pressure-volume loops results and helped to draft the manuscript. KME con-
ceived the study, participated in its design, coordinated the study, carried out
the echocardiography, and helped to draft the manuscript. All authors read
and approved the final manuscript.
Acknowledgements
The excellent technical assistance of Patrick Broeckaert and Pascale Jespers 
was greatly appreciated.
The study has been supported by the Foundation for Cardiac Surgery, Brussels, 
Belgium, and by the Fonds National de la Recherche Médicale Belgium, grant 
n° 3.4551.05 Maryam Mahmoudabady was supported by the Ministry of Health 
and Medical Education, Iran.
Author Details
1Department of Physiology and Pathophysiology, Faculty of Medicine, ULB, 
Brussels, Belgium, 2Cardio-Thoracic Surgery Department, Mont Godinne 
Hospital, UCL, Yvoir, Belgium, 3Department of Radiology and Medical Imaging, 
ULB, Brussels, Belgium, 4Cardiovascular Center, OLV Hospital, Aalst, Belgium 
and 5Faculty of Biomedical engineering, TU Eindhoven, The Netherlands
References
1. Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, 
Rademakers FE, Marino P, Smiseth OA, De Keulenaer G, Leite-Moreira AF, 
Borbély A, Edes I, Handoko ML, Heymans S, Pezzali N, Pieske B, Dickstein K, 
Fraser AG, Brutsaert DL: How to diagnose diastolic heart failure: a 
consensus statement on the diagnosis of heart failure with normal left 
ventricular ejection fraction by the Heart Failure and 
Echocardiography Associations of the European Society of Cardiology.  
Eur Heart J 2007, 28:2539-2550.
2. Hellermann JP, Jacobsen SJ, Reeder GS, Lopez-Jimenez F, Weston SA, 
Roger VL: Heart failure after myocardial infarction: prevalence of 
preserved left ventricular systolic function in the community.  Am Heart 
J 2003, 145:742-748.
3. Moller JE, Brendorp B, Ottesen M, Kober L, Egstrup K, Poulsen SH, Torp-
Pedersen C, Bucindolol Evaluation in Acute Myocardial Infarction Trail 
Group: Congestive heart failure with preserved left ventricular systolic 
function after acute myocardial infarction: clinical and prognostic 
implications.  Eur J Heart Fail 2003, 5:811-819.
4. Zile MR, Brutsaert DL: New concepts in diastolic dysfunction and 
diastolic heart failure: Part I: diagnosis, prognosis, and measurements 
of diastolic function.  Circulation 2002, 105:1387-1393.
5. Zile MR, Brutsaert DL: New concepts in diastolic dysfunction and 
diastolic heart failure: Part II: causal mechanisms and treatment.  
Circulation 2002, 105:1503-1508.
6. Raya TE, Gay RG, Lancaster L, Aguirre M, Moffett C, Goldman S: Serial 
changes in left ventricular relaxation and chamber stiffness after large 
myocardial infarction in rats.  Circulation 1988, 77:1424-1431.
7. He KL, Dickstein M, Sabbah HN, Yi GH, Gu A, Maurer M, Wei CM, Wang J, 
Burkhoff D: Mechanisms of heart failure with well preserved ejection 
fraction in dogs following limited coronary microembolization.  
Cardiovasc Res 2004, 64:72-83.
8. Thomas WP, Gaber CE, Jacobs GJ, Kaplan PM, Lombard CW, Moise NS, 
Moses BL: Recommendations for standards in transthoracic two-
dimensional echocardiography in the dog and cat. Echocardiography 
Committee of the Specialty of Cardiology, American College of 
Veterinary Internal Medicine.  J Vet Intern Med 1993, 7:247-252.
9. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H, 
Gutgesell H, Reichek N, Sahn D, Schnittger I, et al.: Recommendations for 
quantitation of the left ventricle by two-dimensional 
echocardiography. American Society of Echocardiography Committee 
on Standards, Subcommittee on Quantitation of Two Dimensional 
Echocardiograms.  J Am Soc Echocardiogr 2:358-367. 989
10. Baan J, van der Velde ET, de Bruin HG, Smeenk GJ, Koops J, van Dijk AD, 
Temmerman D, Senden J, Buis B: Continuous measurement of left 
ventricular volume in animals and humans by conductance catheter.  
Circulation 1984, 70:812-823.
11. Sunagawa K, Sagawa K, Maughan WL: Ventricular interaction with the 
loading system.  Ann Biomed Eng 1984, 12:163-189.
12. Mirsky I: Assessment of passive elastic stiffness of cardiac muscle: 
mathematical concepts, physiologic and clinical considerations, 
directions of future research.  Prog Cardiovasc Dis 1976, 18:277-308.
13. Neter J, Kutner MH, Nachtsheim CJ, Wasserman W: Applied linear 
statistical models.  WBC/McGraw-Hil: Boston; 1996. 
14. Dickstein K, Cohen-Solal A, Filippatos G, McMurray JJ, Ponikowski P, Poole-
Wilson PA, Strömberg A, van Veldhuisen DJ, Atar D, Hoes AW, Keren A, 
Mebazaa A, Nieminen M, Priori SG, Swedberg K, ESC Committee for 
Practice Guidelines, Vahanian A, Camm J, De Caterina R, Dean V, Dickstein 
K, Filippatos G, Funck-Brentano C, Hellemans I, Kristensen SD, McGregor K, 
Sechtem U, Silber S, Tendera M, Widimsky P, Zamorano JL: ESC Guidelines 
for the diagnosis and treatment of acute and chronic heart failure 
2008: the Task Force for the Diagnosis and Treatment of Acute and 
Chronic Heart Failure 2008 of the European Society of Cardiology.  Eur 
Heart J 2008, 29:2388-2442.
15. Little WC, O'Rourke RA: Effect of regional ischemia on the left ventricular 
end-systolic pressure-voume relation in chronically instrumented 
dogs.  J Am Coll Cardiol 1985, 5:97-302.
16. Sunagawa K, Maughan WL, Sagawa K: Effect of regional ischemia on the 
left ventricular end-systolic pressure-volume relationship of isolated 
canine hearts.  Circ Res 1983, 52:170-178.
17. Kass DA, Marino P, Maughan WL, Sagawa K: Determinants of end-systolic 
pressure-volume relations during acute regional ischemia in situ.  
Circulation 1989, 80:1783-1794.
18. Schwarz K, Simonis G, Yu X, Wiedemann S, Strasser RH: Apoptosis at a 
distance: Remote activation of caspase-3 occurs early after myocardial 
infarction.  Mol Cell Biochem 2006, 281:45-54.
19. Ahmet I, Krawczyk M, Heller P, Moon C, Lakatta EG, Talan MI: Beneficial 
effects of chronic pharmacological manipulation of beta-adrenoceptor 
subtype signaling in rodent ischemic cardiomyopathy.  Circulation 
2004, 110:1083-1090.
20. Burkhoff D, Sagawa K: Ventricular efficiency predicted by an analytical 
model.  Am J Physiol 1986, 250:R1021-R1027.
Received: 3 March 2010 Accepted: 29 June 2010 
Published: 29 June 2010
This article is available from: http://www.biomedcentral.com/1471-2261/10/32 © 2010 Mathieu et al; licensee BioMed Central Ltd.  This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. BMC Cardiovascular Disorders 2010, 10:32Mathieu et al. BMC Cardiovascular Disorders 2010, 10:32
http://www.biomedcentral.com/1471-2261/10/32
Page 10 of 10
21. Nozawa T, Cheng CP, Noda T, Little WC: Effect of exercise on left 
ventricular mechanical efficiency in conscious dogs.  Circulation 1984, 
90:3047-3054.
22. Westermann D, Kasner M, Steendijk P, Spillmann F, Riad A, Weitmann K, 
Hoffmann W, Poller W, Pauschinger M, Schultheiss HP, Tschöpe C: Role of 
left ventricular stiffness in heart failure with normal ejection fraction.  
Circulation 2008, 117:2051-2060.
23. Kawaguchi M, Hay I, Fetics B, Kass DA: Combined ventricular systolic and 
arterial stiffening in patients with heart failure and preserved ejection 
fraction: implications for systolic and diastolic reserve limitations.  
Circulation 2003, 107:714-720.
24. Glenski JA, Friesen RH, Hassanein RS, Henry DB: Comparison of the 
hemodynamic and echocardiographic effects of sufentanil, fentanyl, 
isoflurane, and halothane for pediatric cardiovascular surgery.  J 
Cardiothorac Anesth 1988, 2:147-155.
25. Smith AC, Zellner JL, Spinale FG, Swindle MM: Sedative and 
cardiovascular effects of midazolam in swine.  Lab Anim Sci 1991, 
41:157-161.
26. Seki K, Katayama K, Hiro T, Yano M, Miura T, Kohno M, Fujii T, Matsuzaki M: 
The effect of nifedipine on ventriculoarterial coupling in old 
myocardial infarction.  Jpn Circ J 1996, 60:35-42.
27. Lee CY, Burnett JC: Natriuretic peptides and therapeutic applications.  
Heart Fail Rev 2007, 12:131-142.
28. Motte S, Mathieu M, Brimioulle S, Pensis A, Ray L, Ketelslegers JM, 
Montano N, Naeije R, van de Borne P, Mc Entee K: Respiratory-related 
heart rate variability in progressive experimental heart failure.  Am J 
Physiol Heart Circ Physiol 2005, 289:H1729-1735.
29. Häggström J, Hanson K, Kvart C, Karlberg BE, Vuolteenaho O, Olsson K: 
Effects of naturally acquired decompensated mitral valve regurgitation 
on the renin-angiotensin-aldosterone system and atrial natriuretic 
peptide concentration in dogs.  Am J Vet Res 1997, 58:77-82.
30. Burkhoff D, Mirsky I, Suga H: Assessment of systolic and diastolic 
ventricular properties via pressure volume analysis: a guide for clinical, 
translational, and basic researchers.  Am J Physiol Heart Circ Physiol 2005, 
289:H501-12.
31. Aoyagi T, Pouleur H, Van Eyll C, Rousseau MF, Mirsky I: Wall motion 
asynchrony is a major determinant of impaired left ventricular filling in 
patients with healed myocardial infarction.  Am J Cardiol 1993, 
72:268-272.
32. Galasko GI, Basu S, Lahiri A, Senior R: A prospective comparison of 
echocardiographic wall motion score index and radionuclide ejection 
fraction in predicting outcome following acute myocardial infarction.  
Heart 2001, 86:271-276.
33. Hori Y, Sato S, Hoshi F, Higuchi S: Assessment of longitudinal tissue 
Doppler imaging of the left ventricular septum and free wall as an 
indicator of left ventricular systolic function in dogs.  Am J Vet Res 2007, 
68:1051-1057.
34. Yu CM, Lin H, Yang H, Kong SL, Zhang Q, Lee SW: Progression of systolic 
abnormalities in patients with "isolated" diastolic heart failure and 
diastolic dysfunction.  Circulation 2002, 105:1195-1201.
35. Maurer MS, Spevack D, Burkhoff D, Kronzon I: Diastolic dysfunction: can it 
be diagnosed by Doppler echocardiography?  J Am Coll Cardiol 2004, 
44:1543-1549.
36. Kasner M, Westermann D, Steendijk P, Gaub R, Wilenshoff U, Weitmann K, 
Hoffmann W, Poller W, Schultheiss HP, Pauschinger M, Tschöpe C: Utility 
of Doppler echocardiography and tissue Doppler imaging in the 
estimation of diastolic function in heart failure with normal ejection 
fraction: a comparative Doppler-conductance catheterization study.  
Circulation 2007, 116:637-6.
37. Gilbert JC, Glantz SA: Determinants of left ventricular filling and of the 
diastolic pressure- volume relation.  Circ Res 1989, 64:827-852.
38. Lewinter MM, Pavelec R: Influence of the pericardium on left ventricular 
end-diastolic pressure-segment relations during early and later stages 
of experimental chronic volume overload in dogs.  Circ Res 1982, 
50:501-509.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2261/10/32/prepub
doi: 10.1186/1471-2261-10-32
Cite this article as: Mathieu et al., Ventricular-arterial uncoupling in heart 
failure with preserved ejection fraction after myocardial infarction in dogs - 
invasive versus echocardiographic evaluation BMC Cardiovascular Disorders 
2010, 10:32